Abstract Essential tremor (ET) is among the most common neurological diseases. Postmortem studies have noted a series of pathological changes in the ET cerebellum. Heterotopic Purkinje cells (PCs) are those whose cell body is mislocalized in the molecular layer. In neurodegenerative settings, these are viewed as a marker of the progression of neuronal degeneration. We (1) quantify heterotopias in ET cases vs. controls, (2) compare ET cases to other cerebellar degenerative conditions (spinocerebellar ataxias (SCAs) 1, 2, 3, and 6), (3) compare these SCAs to one another, and (4) assess heterotopia within the context of associated PC loss in each disease. Heterotopic PCs were quantified using a standard LH&E-stained section of the neocerebellum. Counts were normalized to PC layer length (n-heterotopia count). It is also valuable to consider PC counts when assessing heterotopia, as loss of PCs extends both to normally located as well as heterotopic PCs. Therefore, we divided n-heterotopias by PC counts. There were 96 brains (43 ET, 31 SCA [12 SCA1, 7 SCA2, 7 SCA3, 5 SCA6], and 22 controls). The median number of n-heterotopias in ET cases was two times higher than that of the controls (2.6 vs. 1.2, p < 0.05). The median number of n-heterotopias in the various SCAs formed a spectrum, with counts being highest in SCA3 and SCA1. In analyses that factored in PC counts, ET had a median n-heterotopia/ Purkinje cell count that was three times higher than the controls (0.35 vs. 0.13, p < 0.01), and SCA1 and SCA2 had counts that were 5.5 and 11 times higher than the controls (respective p < 0.001). The median n-heterotopia/PC count in ET was between that of the controls and the SCAs. Similarly, the median PC count in ET was between that of the controls and the SCAs; the one exception was SCA3, in which the PC population is well known to be preserved. Heterotopia is a disease-associated feature of ET. In comparison, several of the SCAs evidenced even more marked heterotopia, although a spectrum existed across the SCAs. The median n-heterotopia/PC count and median PC in ET was between that of the controls and the SCAs; hence, in this regard, ET could represent an intermediate state or a less advanced state of spinocerebellar atrophy.
Introduction
Essential tremor (ET) is among the most common adultonset neurological diseases [1] [2] [3] . Kinetic tremor is the hallmark clinical feature of the disease [4] , although patients may exhibit a range of additional features, including intention tremor [5, 6] , gait ataxia [7] [8] [9] [10] , eye movement abnormalities [11, 12] , and problems with motor timing [13] , which indicate an abnormality in cerebellar function [14] . Neuroimaging studies consistently point to functional, metabolic, or structural abnormalities of the ET cerebellum [15] [16] [17] [18] [19] .
Recent controlled postmortem studies have noted a series of pathological changes in the ET cerebellum, which reinforces the notion that the cerebellum is of patho-mechanistic importance in ET [20] . Among these changes are an increase in torpedoes and associated Purkinje cell (PC) axonal pathologies [21, 22] and abnormal basket cell axons with a dense and tangled appearance (Bhairiness^) surrounding the PC soma and elongated processes extending past the PC axon initial segment [23, 24] . In addition, we have reported PC loss [21, 25] , a finding that has been variably reproduced [26] [27] [28] . In one additional study, the changes included heterotopic PCs [29] . Heterotopic PCs are those whose cell body is mislocalized in the molecular layer.
In the normal human cerebellum, PCs form a monolayer that lies in between the molecular and granular layers [29] . The proper anatomical location of different cell types within each of these layers is important for normal cerebellar function [29] . The mechanistic significance of heterotopic PCs is unknown; however, these are typically observed in either neurodevelopmental or neurodegenerative disorders [30] [31] [32] [33] [34] [35] [36] [37] . In cerebellar degenerative disorders such as spinocerebellar ataxia (SCA) 1 or 6, heterotopic PCs can occur along with PC loss [31, 32] , suggesting that in general they could either be a precursor to PC loss or a consequence of PC loss. Indeed, in SCA1 transgenic mice, PC heterotopias are seen along with PC dendritic thinning and are viewed as a marker of the progression of neuronal degeneration in that disease model [35] .
Although the presence of heterotopic PCs has been demonstrated in one study of ET cases [29] , the finding has yet to be reproduced. It also remains to be determined whether the extent of heterotopia in ET is similar or less than that seen in other disorders characterized by marked cerebellar degeneration. Furthermore, study of the association of heterotopic PCs with PC loss is rudimentary [29] , and the relative presence of PC loss is likely to impact the number of heterotopic PCs (i.e., in the setting of extensive PC loss, even the heterotopias will be lost). Capitalizing on an ongoing prospective study of ET, we have assembled a large series of ET brains, as well as the brains of patients with four forms of SCA and controls. Hence, we now revisit the issue of heterotopia in ET, (1) confirming whether it is present in ET and to what extent relative to controls, (2) asking how heterotopia is expressed in ET relative to other cerebellar degenerative conditions (SCAs 1, 2, 3, and 6) (i.e., framing it within the larger context of degenerative conditions of the cerebellum), (3) asking how heterotopia is expressed in these SCAs relative to one another, and (4) assessing heterotopia within the context of associated PC loss in each disease.
Methods
Brain Repository, Study Subjects, and Neuropathological Assessment ET brains were from the Essential Tremor Centralized Brain Repository (ETCBR), a joint effort between investigators at Yale and Columbia Universities. All ET diagnoses were carefully assigned using three sequential methods, as described in detail [22] . Briefly, the clinical diagnosis of ET was initially assigned by treating neurologists and then confirmed by an ETCBR study neurologist (EDL) using questionnaires, review of medical records, and review of Archimedes spirals. Third, a detailed, videotaped, neurological examination was performed, and published diagnostic criteria applied, as described [22] . Total tremor scores (range = 0-36) were assigned based on the severity of postural and kinetic tremor (pouring, drinking, using spoon, drawing spirals, finger-nose-finger) on examination [38] . None of the ET cases had a history of traumatic brain injury, a history of exposure to medications known to cause cerebellar damage, or heavy ethanol use, as previously defined [22, 39] .
The majority of the control brains were obtained from the New York Brain Bank (NYBB) and were from individuals followed at the Alzheimer's Disease (AD) Research Center or the Washington Heights Inwood Columbia Aging Project at Columbia University [38] . They were followed prospectively with serial neurological examinations and were clinically free of AD, ET, Parkinson's disease (PD), Lewy body dementia, or progressive supranuclear palsy (PSP). Nine control brains were from the Harvard Brain Tissue Resource Center (McLean Hospital, Belmont, MA) [38] . During life, all study subjects signed informed consent approved by these university ethics boards.
These analyses were designed initially to be performed on a sample of 100 brains comprising a 2:1 age-match of 46 ET cases to 23 controls with complete data, as well as all available SCA brains (n = 31, including 12 SCA1, 7 SCA2, 7 SCA3, and 5 SCA6). Tissue from these SCA brains was derived from several other brain repositories. We obtained 21 SCA cases from Dr. Arnulf Koeppen (Veterans Affairs Medical Center, Albany, New York), 8 SCA cases from the NIH NeuroBioBank (University of Maryland, Baltimore, MD), 1 SCA case from Dr. José Luiz Pedroso (Ataxia Unit Federal University of Sao Paulo, Sao Paulo, Brazil), and 1 SCA case from the NYBB. Three ET cases and one control had incomplete data; hence, the final sample size was 96. We performed a power analysis that utilized ET case and control data from our previous publication on heterotopic PCs [29] , and used a 2:1 matching scheme (ET cases: controls). Assuming alpha = 0.05, then a sample of 30 ET cases and 15 controls would provide 80% power to detect a doubling of heterotopic PCs, as observed previously [29] ; our study sample of 43 ET cases and 22 controls exceeded that. With the expectation that cerebellar pathology in SCA would be at least double that seen in ET, a sample size of four in each SCA group would provide 80% power. Our sample size exceeded that for each SCA group.
All ET and control brains had a complete neuropathological assessment at the NYBB and Harvard Brain Bank. The brains had standardized measurements of brain weight (grams). We did not include ET cases with Lewy body pathology (α-synuclein staining) [21] or PSP pathology [40] .
Characterization of Cerebellar Pathology
A standard 3 × 20 × 25-mm parasagittal, formalin-fixed, tissue block was harvested from the neocerebellum; the block included the cerebellar cortex, white matter, and dentate nucleus [22, 26] . The block contained the anterior quadrangulate lobules in the anterior lobe of the cerebellar cortex, which are involved in motor control [41] . Using a single LH&E-stained 7-μm-thick section from this block, PCs were counted and averaged from 15 microscopic fields at 100× magnification (LH&E) [22, 26, 38] . The fields were selected as follows: (1) nonadjacent fields representing different regions of the section and (2) fields that were between, but not inclusive, of the base of the fissure and the apex of the folium [26] . We have previously shown that examination of a single, standard section provides an adequate representation of the pathology within that sample block. Using a systematic uniform random (SUR) sampling approach, one of every five sections obtained from a series of 40 collected paraffin sections from the standard cerebellar block was stained with LH&E. We determined that there was little variation in torpedo and PC counts among sampled sections within this block in 11 ET and 9 control brains. The agreement between these counts was very high (for torpedo counts, intraclass correlation coefficient = 0.96, p < 0.001; for PC counts, intraclass correlation coefficient = 0.94, p < 0.001).
As in prior postmortem studies [29] [30] [31] [32] , a heterotopic PC was identified as a PC whose cell body was completely surrounded by the molecular layer without contacting the granular layer. A trained technician (WJT), who was blinded to the clinical and diagnostic data, quantified heterotopic PCs throughout the entire standard LH&E-stained section at 100×-200× magnification. The counts of the trained technician agreed with those of the senior neuropathologist (PLF) (Pearson's r = 0.93, p < 0.001 in 12 cases with counts ranging from 0 to 20). To standardize the heterotopic PC count (i.e., adjust for any variance in the length of the PC cell layer due to differences in tissue block size from case to case), we measured the length of the PC layer in each stained cortical section. The length of the PC layer (μm) was traced continuously along folia of the entire slide using an Olympus BX51 microscope under a FLUAR 2× (NA = 0.05) objective with the autocontour feature in the StereoInvestigator software (11.01.2) (MBF Bioscience, Williston, VT, USA). Each heterotopic PC count was normalized to PC layer length (μm) and then multiplied by 100 to obtain values that were in the range of 0-10 rather than 0.001 to 0.1; this value is referred to as n-heterotopias. The relative presence of PC loss is likely to impact the number of heterotopic PCs (i.e., in the setting of extensive PC loss, even the heterotopias will be lost); therefore, we also divided n-heterotopias by the PC count.
To confirm that heterotopic cells were PCs, we used immunohistochemistry to calbindinD28k protein. Sevenmicrometer paraffin-embedded cerebellar sections were rehydrated and incubated with 3% hydrogen peroxide, treated with Trilogy solution (Cell Marque, Rocklin, CA) in a conventional steamer for 40 min, and blocked with 10% normal donkey serum, 0.5% bovine serum albumin, 1% Tween. The sections were incubated with rabbit polyclonal anti-calbindinD28k (1:000, Swant, Marly) at 4°C overnight, followed by incubation with biotinylated anti-rabbit IgG (Vector Laboratories Inc., Burlingame, CA, 15 μg/ml), and the signals were amplified by avidin/biotinylated complex (Vector, Burlingame, CA). The sections were developed with 3,3′-diaminobenzidine chromogen solution (Dako).
Statistical Analyses
n-Heterotopia counts were not normally distributed (Kolmogorov-Smirnov p < 0.001); hence, we used nonparametric tests to assess this variable. We assessed the correlates of n-heterotopia counts using Mann-Whitney tests and Spearman's correlation coefficients. We first compared clinical characteristics and brain weight across all six groups, and then we compared each of the disease groups one by one to the controls (Table 1 ). For n-heterotopias and n-heterotopia/PC counts, which were our main measures, we compared all the six groups initially and then each group to the controls (Table 1) . We also removed four data points that were outliers (identified as any data point that was at least four times higher than the value of the median of its group, one control, one ET case, one SCA3, and one SCA6) and compared the nheterotopia/PC counts across the groups. Data were analyzed in SPSS (v23).
Results
The ET cases and controls were similar in age at death, although the SCA1, SCA2, and SCA3 cases were younger than the controls (Table 1) . Overall, gender did not differ significantly across the groups (p = 0.14, Table 1 ), nor did it differ between each individual case group and controls. The groups differed slightly by brain weight (p = 0.02), with that effect being driven by the difference between SCA2 and SCA3 (Tukey's post hoc comparison p = 0.007) rather than a difference between any of the other case groups and controls.
Heterotopic PCs were identified in the molecular layer, being completely surrounded by the molecular layer without contacting the granular layer (Fig. 1a-e) . Confirmation that heterotopic cells were PCs was determined by immunohistochemistry to calbindinD28k protein (Fig. 1f) .
The n-heterotopia counts were not correlated with age (Spearman r = −0.06, p = 0.59) or brain weight (Spearman r = −0.07, p = 0.50). The n-heterotopia counts were similar in men and women (Mann-Whitney p = 0.32).
All the groups, except SCA3, had lower PC counts than the controls (Table 1 and Fig. 2 ). In addition, there was extensive overlap in data points across diagnoses; thus, the range of PC counts in ET, SCA1, SCA2, SCA3, and SCA6 overlapped that of the controls (i.e., there were individuals with ET and each type of SCA whose PC count fell within the normal range), although PC loss was typically most severe in the SCA2 and SCA6 cases (Fig. 2) .
The median number of n-heterotopias in the ET cases was two times higher than that of the controls (2.6 vs. 1.2, p < 0.05; Table 1 ). The number of n-heterotopias in the various SCAs formed a spectrum, with counts being the highest in SCA3 and SCA1 (Table 1) . We also divided n-heterotopias by PC counts; in these analyses, ET had a median n-heterotopia/PC count that was three times higher than the controls (0.35 vs. 0.13, p < 0.01), with SCA1 and SCA2 having counts that were 5.5 and 11 times higher than the controls (0.72 and 1.44 vs. 0.13, both p < 0.01; Table 1 ). The median values for nheterotopia/PC count in SCA3 (0.57) and SCA6 (0.39) was higher than that in the controls (0.13) but did not reach statistical significance, although the SCA sample size was small (Table 1) .
In a secondary analysis, we also removed four data points that were outliers (one control, one ET case, one SCA3, and one SCA6) and the results (i.e., comparing n-heterotopia/PC counts) were similar (Table 1 and Fig. 3 ).
Discussion
In this paper, we confirm that the ET cases have significantly more heterotopic PCs than the controls. The median number in the ET cases, when normalized for PC layer length, was two times higher than that of the controls and, when further taking PC count into consideration, was three times higher than that of the controls.
We also asked how heterotopia is expressed in ET relative to other cerebellar degenerative conditions (i.e., framing it within the larger context of degenerative conditions of the cerebellum). The number of heterotopias in the various SCAs formed a spectrum. SCA3 cases had the largest increase in n-heterotopia versus controls (four times higher); in SCA3, the PC population is preserved and the brunt of cerebellar damage is in the dentate nucleus [42] . However, in analyses that considered the numbers of PCs, the n-heterotopia/PC counts in SCA1 and SCA2 were 5.5 and 11 times higher than the controls, whereas these values were not as high in SCA3 and SCA6. The relatively preserved PC population in SCA3 leads to a lower n-heterotopia/PC count [42, 43] . The number of PC heterotopia in various forms of SCA has not been systematically studied and is limited by small sample sizes in these rarely obtained human postmortem specimens. Future studies to include wider sampling of different cerebellar regions in control, ET, and SCA cases may also be revealing.
The median n-heterotopia/PC count in ET (0.35) was between that of the controls (0.13) and the SCAs (0.39 in SCA6, 0.57 in SCA3, 0.72 in SCA1, and 1.44 in SCA2). Similarly, the median PC count in ET (8.3) was between that of the controls (11.0) and the SCAs (4.1 in SCA1, 2.4 in SCA2, and 2.3 in SCA6); the one exception was SCA3, in which the PC population is well known to be preserved. Hence, in these regards, ET could represent an intermediate state or a less advanced state of spinocerebellar atrophy.
The mechanisms that underlie PC heterotopia in the setting of neurodegeneration are not fully understood. The cerebellar molecular layer contains PC dendrites, climbing fibers originating in the inferior olive, parallel fibers from granule cells, interneurons, Bergmann glia, and microglia. Each of these sections: scale bar (in e), 100 μm. Immunostain to calbindinD28k (f) in an ET case labels the heterotopic cells (black arrows), confirming that they are PCs. Scale bar, 50 μm Fig. 2 Purkinje cell count by diagnosis. PC count was determined in a single 7-μm-thick LH&E-stained cerebellar section as described in the BMethods^section. Counts were significantly lower versus controls in ET, SCA1, SCA2, and SCA6 and similar to controls in SCA3, although considerable overlap was seen between these diagnostic groups Fig. 3 Median n-heterotopia/Purkinje cell count by diagnosis (outliers removed). Displayed are the median, interquartile range, and distribution of outliers neuronal and glial structures is dynamically regulated. Climbing fibers change innervation patterns dramatically in response to PC loss [44] . Parallel fibers and PC dendrites may also regress during neurodegeneration. Astrocytes and microglia undergo morphological and functional changes during neurodegenerative processes and contribute to nonautonomous neuronal death. These changes can result in the remodeling of cerebellar structures, leading to an untethering of PCs and a defective PC body localization [29] .
Limitations of the study included the sample size. Although we were dealing with a sample of nearly 100 brains, for some diagnoses, the number of available brains was small. Nonetheless, given the magnitude of expected differences, our sample size calculations indicated that the number of brains provided would be sufficient to address our aims. Another limitation is that the age of onset of SCAs is often younger than that of ET. While the ET cases and controls were similar at age of death, nearly all the SCA subgroups had a younger age at death. Nonetheless, we showed that n-heterotopia counts were not correlated with age; hence, age could not have confounded our main finding. Another limitation of the study was that we restricted our sampling to one region in the cerebellar hemisphere, and it would be of considerable interest in future studies to sample additional cerebellar regions. The strengths of the study include (1) the large number of ET brains; (2) the ability to compare ET to multiple types of SCA, including those in which PC loss is a feature and others in which it is not; (3) the uniqueness of the question (i.e., one prior study, our own, assessed heterotopias in ET cases vs. controls); and (4) assessing heterotopias in relation to PC count.
In summary, heterotopia is a disease-associated feature of ET. In comparison, several of the SCAs evidenced even more marked heterotopia, although a spectrum existed across the SCAs. It is important to consider PC counts when assessing heterotopia, as loss of PCs extends both to normally located as well as heterotopic PCs.
